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VAVE GUINE PROPRRTTEE OF HRTEROGEREOUS MEDIA

* P. Ye. Krasnushkin

S sl

. The normal vave method furnishes a large-scale picture of vave phencmene
originating beyond the limits of the horizon, vhen a Leterogenecus troposphere

* 1%, end an lfonosphere ars presex§. In particular, it forecasts ths exiatsnce of

7" wave guids channyls lying om this surface of the ground or ralsed above the

This article 17 & suamary of Chaptera XI to XIV of the author's theeis,
published in Novemuwr 1945 and also published in part in his book ~ntitled,

LY “The_Normal Wave Msthod oe Applied tc ths Problem of Redio.Telecommanications”

IEWAR

\? The commection between the problem studied here and the prablem of wave
agmu- of oomplex form was established by the author in a previous work / 2

Sy

- Ve recsutly found that #fis problem hed been indspendently solved in
England b r /3] and in the United States by Ferris, Frigafer and
Péberis LIXJ

I. -PLANE-STRATIFIED NEDIUM -

A. Bta . of the Problem -- Normal Wave Method

Let us ezemine an isotropic, wilimited, nonmasnetic nonreusting medium.

Ve shall further assume that the dielectric constant £ varies only along one
coordinste z, which is the axis of the cylindrical syetem of coordinates r,8,
t. Elsolromagmtic waves are prepagated by vertical carrents of fraguency w ,
distributed with arbitrary cwrent density I (r,z,), independent o>f the angle
The electromagnetic field can rov be expmmd ty tho scalsr squation

aw2_ g 24 giz
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vwhere A ls the g-axis component of the pocanwé.l vector A which determines
Hyp » By and E., .

. The solution of equation (1)} can be put in the forw of a spectrum with
a discrete end continuouws portion

- Alrzy= P () Z; (z) + Sq)(r,x)Z(z,X)dx @)
£
where Z(z) are propsr functioms, and )Y ths proper values of the differsntisl )
aquation ko
Kk (i 42) whreZ+yZ=0, -
and p (r} are the Fourier cosfficisnts
L Pl SA ¢,2)Z (z)d=. @

Subutit“ating {2). 13m (1) and taking orthogomal propertiss and normalising

B omdztions into considoraticm, we'find that ¢ (r) satisfies the equatlon:

ydy(’kgﬂ)-w-xj = I; 07, (5)

(r) SI (z, r)ZJ (z)dz (6)

where
We omit tis enmlogoue equation for the continvous porticn of the apect—um.
Rguation (5) can be solved by meens of Green's function X(r, £ ), vhioch

1s subject to: (1) boundary emission conditions at r - O; and (2) the boundary
occndition that 1t b finite when r—rfo. We ehall then obtain:

r>p K==z J, (1=e) HPV=x, )5 i
for L) e _—
rﬂ'&( K}(ne)="g‘? H:v(V—XjP) (V=X 47,
vhere
a,—-r[J (V=) HETV=ge)—0i (V=e) Ky V(50 =
o “"'""'f’ (8)
where Jo ard Ky ere Beesel and Hankel functioms of tha 2ero order.
As a ro*ﬁlt .
S _'¢J(r}=%§---5 'R}(r,e)ffjte)df. . (9

sal the initial quantity A(r,z), in accordance with (2), bas the final form

A (cz)-%%iSzj-(z) TE/ (redeZj@dp+§--dxs (10)
J= 8
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’ ‘ where Ky(r, o ) 1s equel to dJKJ(r, @ ), and .3e unbroken portion of the : g : '
-.,) . : ! spectrum ie expreased by the symbol S ceay .

I? the spurces are concentrated withiu a ¢irele of radius R, then Tou

r>R
Alsz)=Y ¢;z;(x) H{PRE) + foedy: )

In view of the asymptotic expreseion for the Hankel functions vhen ¥ is
Jarge, we may consider expresaion (11) as a normsl wave specirum analogous
10 & wave guide apectrwam. These waves are propsgated to infinity with various
amplitudes :

5/'"‘"’&113 dhiv=xe)eljledde. (12) | b

. Bvery mormel wave is characterized by its own veve number vl—k' and
by the rorm-of ampiituds. dlstribution along the front Z{z). Proper negative

valuse propagate nondsuping noTYMAl waves; but proper popitive velues &re ]
.rapldly damping normal waves vhich can only be obeerved near the antennsas.

i ‘I the vo';tiqa_l' c\n;z'bntl I({r,z) are egualiy distributed within a circle
Jof peldiius R, the amplitudes of & pormal ware will be determined by the follow-
.. ing oxyreesicus: ’ o

(13)

vhere
L= R =12,z d=z (237)

is the component of the full current I(z), floving across the cross gection of
a oircls of ralius R, propagating £>rmal wave number J.

In the care of an infinitely fine entenna, C, ‘ZE‘ 1,
where

? . _,4{52)_%_; 1)23{2)‘/'!‘:” \[;——.xj,-)-;-g-,.d.x. O

1f the antenna length converges'toward tero, ¥s can gubstitute for it an
infinitely small dipols P : el, locsted st the point 2 = g »r:0emtn
accordence with (1%),

- A(nz)m{gi ZRZEH VX + e

J i To exoite a narrov ray in tke redium, it is poui‘t.zle to utilize an
antemns witii the follcving cwrrent distributiom:

! [(2)=0 for z>4z and 2<— Az I(z)= e=in* asr
' for Az 22> —Az-

If €(z) 1 & slovly varying function of z and tae speactirum A can, thers-
fore. be replaced by a continvous spsctrum, suck a antemna will exc ite a
o racket of normal waves with width:
oyt e A 47 2
. . -t £
7 Ve (17)

vhere v, {8 the wave number of the central wave of the packet:

.

CONPIDEMTIAL

9 . . .

B Sanitized Copy Approved for Release 2011/07/18 : CIA-RDP80.00809A000600230397-7



IR
T

" Sanitized Copy Approved for Release 2011/07/18 : CIA-RDP80-00809A000600230397-7

BT

(ONAPENTIAL [ ] | STAT |
(18)

= VRS g

Within the limits of epproximation of geometrical optics, the result of
the superposition o!’ a packet of normal waves gives a narrov ray with a tra-

- Jeotory:
x
f dvkrg —~y2 P
re= (—————-—-—-—) dzmy S . 1
dy V=, % Y e p— (19)

It 1s easy to show that ‘
k{ES’"WﬂkVa(a)sinor‘—%:_— consh (20)

_vhe_ro & 1s ths eangle between the tangemt to the trajectory and the axis oz.

Be Ideml ¥eve 'a. Channels
'm l.impa.eat case 1u & hmgenanua wodium where g = 1, included bstwsen
L two. absolutely comducting planes z = 0 and 2 »h, Bguation (3) with the
R foucving bmmdary conditions

s EZ ) for 20 and zemh ,
4 dz (21)

glves the discrete spectrum of proper values
riz 2 . y
x‘#"‘k IJ'_="01,;2'/3--. @, : (22)

, ~ and propsr functioms [eigenfunctions/:

Z-w:;'-) meVh c.o.st,J—,..lla...a: (23]

In the cass of an inﬁnitely emall dispole, equation (15) takes the form:

‘ﬁ | Al z)emls {l‘ (k.—)-o-z% 1”; ”” (¢ "’)J)” (2w

This expreasicn coinoidos Vith Weirich's formule [s57.

In the case of a directod antenna (16), we get a narrow ray vith a
zigsag trajectaory. .

Before sxamining the hete.ogsneons media, by eubstituting

“ . ze)=fseve)

we convert equation (3), into a Schr8dinger equation

! "H*— EX"" W(Z)J 1F= 01 (25) . ‘A

vhere
Wz)=k*e—v7 (7)., (26)
plays the roles of a potentigl fumction.

A
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o) Let us nov oxemine the case whers the wave guide channel is formed inm
& Bpite of the absence of the sharp limite which obtain in the Weirich. instencs.

Lot 2.z &) end 2 =« 2, be two axial points of equation (25) in whichk W(z}

oconverges tovard K—c, If W>> 0 in the restricted regiom z, as shown in
“Flgure 1, ws shall obtein the disciete spsctium °X. , starting from mgative
valuee.

At great distances we can limit the series of normal waves (11)

AvE <t ¢ ‘("7747'1*-.‘%’)
Aly=) 2= vr JZ. iy ¥i = (2)e ’
where 'XN 18 the emallest proper negative valus.

(27)

Expredsion (27) demomstrates that & medium vith a discrete spectrum with-
proper valuea X has tks typlcal properties of a wave guide channel because:

(1) the amplitudes of hormal waves are definite only between the reverae plenes
tsa,emdzoz,; amd {Z) the average value of the field intenaity decresses

o ' # » Bince the second term (27) is a quasi-periodical tunctisn o* T

Waves are propugated in a two-dimensional chermel; there.ore, undergo’ con-
3 sideradbly less dsmping than in the case of vave propegation in free unlimiied
| ) .w‘-

If a d.inoted‘antenna (16) be placed in the channel, a ray develops R
subject to liberation between the two reverse planes z - 2z 10 and z 22Zog)

as 2 result of successive reactions in the chennel "walls."

An exemple of an ideal overground channel is firnished by the case pro-
duced by a potential fumciion

V(;) = A—Bf°. ,

Writing X+ 4 = )\ , we arrive at the well-know. equation of wasa
mechanics for a hamonic oscillator

- L Xer u-—B;} Y=o, . @

5
CONRIBENTIAL
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-+ which, in the case of & dipole, glves the foliowing exprevaicn for the fiald
© AN the channel
: g ..—--t‘
A(rz)m PeT e %ZH CIH (RHPV=XGr) (g
IR vhare KJ is'a Hnmitim polynomial and
S . Py
= _” 3 ———A-t—ﬁ’&(ij-r-r) i=e l2,3.. (30)
P RV
S If the. return planss ers located at a great distance ane frum the other,
the .directed’ antenna (16) will generata & ray the trajectory of which is
; Aotenma by (19)
AR AT Z"—‘~'1/—9-Gasm.-""[\ 3 }.
: ‘ . By Siniky ERS-YY
& vly)re " ,
..,.rg ' ‘ . . aﬂsz, Y—-
s ; An amplo of e ideal surfaco vayo 18 glven by the potential fumeti n
; » 1 :
A W[z)uekz a,azn. * {32)
TE. ;hiohagomlpondl to the linear mcreue of pbase welooity ¢ with height:
. g == a%.
The solution of equntiun (25)
B : —L A+ wrs () ¢
[ *‘“] ¥ (33)
" 18 expressed by a Hankel fmuon of ths firet order and
iy 2
M 143) T
—— Z(z)—*h/e e Y(my=AZere Hip (i Vidiz) forx>0,  (3)

vhere . 2
Y a‘-“r...z’-.

The bowndary conditions (21) on an 1deal ground plane will uvelect a
-7 ddevrete apectrum of propsr values Y, by means of the tr-nicendental egua-

+domo
a c) :
i) =
f A
The dipole field Yocated &t the point z - ;’ w11l be

B A(r’z)_g_ﬁz- H‘g{trdﬂlﬂc(h’_ﬂ[z) H."J(V—_Lir)_ )
le . , {s‘ln‘lll}]z&}{'

;. If the directed antenna be taken as i cecillator, thare will be pro-
duced in the medium & ray subject altommtc resction in the heterogensous
.. medlum and to reflectics from the earth so t its trajectory vill have the
fu-l of arches, exyreamed by formmlas

(35)

v

W v
, ) ™ S 9..
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vhere y,*= k \/'e (zo).smoca 18 thgj o_ox_ngral wite 0f Lhe packel.

B. Space Pulsatlone and Resonance ’&tﬂéeh 24 tacent Chanziels
" ‘From the stendpoint of the wave theory 1t is easy to understand hew
‘ensrgy redieted by &n ‘antenne on the grownd can'be generated in an over-

.- ground; vave gulds chénnal.

‘\ ' Figure 2

Tn the simple cags of a medium with' Potential function W(z), repre-
sented on the left side of Figure 2, after sugmenting the depression g in
W(z), -wve shall intensify the potentiel barrier between the channels. One
of the oharmels may be conditionally regarded as overground and the other
a8 cn the surface, although the funotion W(z) showvn in Figure 2nbore nearly
correcponds to twe active overgrownd chenuels. Within an infinitely deep
. barrier we shall have two noninteracting channels with idsntiocel proper
Lo ‘ values 'xd‘ ; and yzoper funotions ¥4 . This ie a case ‘of degeneration.

As 8 result of interaction through the potential barrier, each propsr value

\ of the degsnerate case X, 1s eplit into tvo,‘Xj-hﬂJ.and'xd —£}§. corres-
: ponding o a symmetrical and an antisymmetrical proper function. Applying
: the BYX method, we obtain : IR N cvrery
, viis-Ydn
, Ay
: P Ngfersm E Syt )
A (e
" e ®, X=Xy
. SN et us nbF examine an infinitely fine antenns with a current aistzribu-

tion I(z) € Y in the first channel amd T(z) ™ O in the eeccnd chennel,
where Y4 () 1s ons of tus proper functions of the dogemerate case. Nov in
eack of the chennels both normal waves with distributioms "I"-&md Yye will
dsvelop eimultansously. At great distancee from the dource, the whele field

vill have nppurqutoly th_o ,.t.gllo'ung form in the first channel: Y
kv . {ﬂa -iYgI*
— Z) e —
© and in tke sscond
kve .;-ﬂ' N reile o
o " = Y AZ) S —= BA4LCT O (39)
g . AR fe

LT o
conrDERmAL

'
4

- < <o V. ' .
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Thua we observe in the channels spaca-puisations or beats with the cyble
VIl (ko)

... The correspandence principle (20).psrmits irawing a dragram of i
pulsations betwsen rays, if the ebové-mentioned normal wevas rsfer to the
~central wave: of ‘the two wave peskste. ' The widths of the beems 1n Figure ¢
. ‘ave proportional to their intensities, Tt must be noted that = ccmpiete
- trengfer of ensrgy tekes place only vhen the charmels are mbaolutely fdentical.

- 810 & roalfnﬁrﬂerhfﬁa@tmpénphefx_nie or icnospheric chanhel always
-hap & dsfinite depth and width; reel chennels, of courass, d1ffer frow the
ideal cames wmder Bsectiom: 2, " T ‘

- Figure 3 shovs a eurface chennel between cm 138l ground mnd icnosphers
‘layer with a terminal electranic concentration described by means'of. & poten-
tial funotion. The pexrt of the spectrum of prom values 'XJ between
Waax ™4 W4, bas a quasi-digorete character. rest of the specirum ie
wiform: Ths proper valuss of the central ﬁnes X, Xas ---)(j correspond
to discrete lines of the noncompensated problem with an idesx] barrier. Ws
shiall 1init dimocuesion to the case where Wpay > 0, vhen there are proper
negative values of¥X . The form of the spectirum line is determined by the

sxpression.
4Xy

HegE) ‘“’

" where X; =I'X,,'— [%] — is the atessace of the given X' from the cen-
trulfno'xa',and“‘: .

» : p =2"‘fl ‘,-21‘1:

vhere

| m_;,,? : I=2 CVke =11 d
Vite—icy: 1= *
) o “51“17 i /

-

]

! . -

ot ' > N
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Trying 1o eXxclile one oI ths Lires /'LJ' COVTHBLONILY 10 Lhe Idsal
barrier, and assigning & distribution of fiow I=¥ (] slong the fine . & 0N
¢f rormat ‘vaves incluled in ths - 4

entenné; wo shall excite the whole packet of r

. : quasi-discrete line of the rsal barrier -
e ~ W 2) X ey T ,
7SRRI A("z)""?xf) ' H'( (v ;’: dyj {%3)
S _ —AX /+.x._ 1’.., )

iy L e After the usual simplifications permiesible for great d-stances from
’ the sourcs, ve shall obtain .
LR : iCJW(Z) X4
Coliges e AR 2 ) sonst ety L1 > o .
‘E‘ " ,‘ At T XJ & 2/jyfi. & {/fy,’h (e

PRI R y
R r qm=

i Thus the effect of the eecape of Wave snergy through the mArg<as, - PR
: . i -+ ohannels mey be caleulsted by Antroducing the damping of the*dcrmal waﬁ'ea‘?:f\
o Lea o h Al soTete spectrum foimed by functiom W(z)}. )

Sl ‘Thig qiﬁfosdién’ may be generalized for the case .of a dissipating med:ium
- and noncmagvam boundery conditions. on the: groind sirface by introducing
an ﬂdi’cl&g exponential factor acqordinggto Rytov's methed [ 6./ - ‘

-~ Troating' the\iroblem‘{éccord;ng«tb rays (gecmetric optics), we fInd tae
.. Tollowing expressicn for the lamping of wave amplitiude in & ray

A= o ke et (1) ;

4
g A

‘ 'hﬁ T is the perivd of yeoillation of the ray.

The continuous part of the spectrum of X propegates rays which 4o rct
 return to the ground surface. A zome of silence (akip zame) develops in a .
- certain interval/;<,< r, vhere the sffect of the continuous part of the

spectrwm of Y , winich is responsidle for the nearsr antenns field, has

& . ”‘alro&ay praciteally come to an end, while the quasi-discrete part of the
o speotrum has not yet reached the angle, since the perisd of oscillation r has

not: yet endsd.
) N W

. U \’ IZ Figure 3 1s taken to refer to a trupospheric chamnel, characterizei
., ' by the fact that “he potentiml fuuction W(z) &oes not eseentially vary with
’; fretuency, it 1s olear that with a decreese In frequsnocy the zero and the
potential barrier for normsl waves lecrcases. Honce, tropospheric channels
vanish with dsorease in frequency. )

, o
Il

II. A SRERICALLY STRATIFIED MEDI™M

s ‘ > A. BStatomsnt of the Problem -- Eormal Wave Method

Let us introduce spherical coordinates R, & , % end observe the prop-
agation of vaves excited by radially directed currents with cwrrent-dsnsity I
(%, ¢ ) in an 1deal med’um, the dislectric constant of which depends cnly cn
radius R. ' The electromagnetic field vill be determined through the ascalar

-‘v.'_ ", function A by meane of equation
. ._-?A,._.M._z'h{_ﬁ o (1 AN k2, ik oy ,‘ 'évA‘:': — A
. 7 .
i ' .
& - N B

y i N . B .

i o -
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vhere the ele;tric and magnetic vectors will be Iefiusi thusg
= k JA, I 2%4 - 1 9A
He=—F % Bt 55 EmR(F3R)+kA )

_Eq'imtion‘ (46) may te solved in the form

: A‘(R;#)%-S P () Z;(R+{ (T 2(R, X)dR, +9)

. f'vhgro Z.1 and Z( 7) are. the . proper fmctione of the discrete and continunne
“pary of‘a’ apoatrum of - propsr valusae X 5 determined by eguatlon

R"{‘P(e & +ipz)+z=0, (49)

_md t'PJ ( ﬁ ) and ? (0 7( ) are Fourier coefficienta. sm.ls:t‘ying equation

L Z,( gI(R 8)Z;(R)LR.

(51)

The solution of (50) may be found by means of Green's funoction

K8,

which satiefies: (1) the doundary conditions of emiaeion at the equator ﬂ-—-19
(2) the bomndary condition of discontinuity of the firet derivative at the
polnt §mmf’ ; end {3) tod boméary roquirements at the point f=e(),

"
.

b '.l'ho exact valus of Green's K function cen ba obtained only in formulating
the nonstationary crodlem from which the principle of emiseiop 1a automatically
obtained, by virtue of initia) conditicms of Ceuchy, =8 shown by A. A. Sokolov.
The conditions here apesifierd for K ‘imtermine the wave field appraximately,

S Put not partioularly tio supsrpesition of en "around-the-world” {krugosvetbyy)

) echo on a fundemsntal asignal.

Tnéar these soriitions Green's functizn has the following form:

4
e ».

. " when .,_ML_KT(&;:}:-I’] Pylcos #) Ly (cos8)s (52)
vhen 4L P7 K (8,8)=— 2? L oy Ccos8’) Pr(cos@), A (53)

N vhers _;djz cinf’ LBl yt—Pulwl, % =—Ln(asi,. [sic]

Bers P, and L, are independent solutloar of .egendre s eguation (50)
which, when n P>l and < < 71—5 , 1n an asymptotic npproxmat"on take the
form:

- 10 -

- | . CONFDBNTIAL
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T Ltz =V gy

+%  ywhere

Pa'w (c os 9):—-:'\/175;’%[(/—4—;)5”‘ 9— 3!; coty & cd’_s’]"

wlnm

: 3‘-"‘(?:4-,-%)19-;-‘_}.

ST AN SR SRyl S T ! .
i ‘ ’-1-3;; ao‘5 ﬂ]e ) -+~ & (m))
‘\ wizich; &t ‘the ‘equat.or ¢9=‘= %L, is corrsct up to the ihird tem of the : . f’)_ &

esymptotic expansion and’ hae the . form of & traveling vave of. propegatiun
r and he asymptotioally satisfies emigsion conditions, Sush a’' function
is nu.‘\‘:%ms %0 2 Banksl funotion of ths seccnd t.ype end mnq bo ce.llad &

~=3Lsgendre-Eenksl m.ation of the escand type
| I fast, ‘mﬁiu solutian of (46)- will be

A”Jefw(k) L ("‘55/a B (57)

At great distances from the axir 4 == 0, 1t will take the form of a
Propagating wave:

il
A m (R) \/2n sind© [( ) (58)
= \/———_“x‘ for m> ).

)

Thue, the proper fun-ticns cf equation (49) determine the normal wave
forms, end their proper values x arve ths squares of wave numbers. Non-

damped mting waves coirrvepond to negative valuss cf X ; ard <
nonpropagating, rapidly damped waves to positive valusw of X.

In view of the relation

P Q= Q Pt | (59)
_ve obbain e (‘).-.—.—%’f F{&,&');in é’fj (6)dé, (60)
. v:horr‘. k(ﬂ';?')"‘ djk(ﬂ,ﬂl)
) ' If'8ll the currents are lovated within the limits of a doms of engle 8, ,
Alrz)=3 c;z;(R)Ly(eos8), - o)
- 11 -
N
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- . where .

, & i
Ci=Yr Pcos)sindT(B)de- (2
; )

- Hare, £8 in the previcus section, we do not write out the continucas
o part of the nermal wave . spectrum, :

U 1f rad18lly’ aivected currentc are wniformly dietributed »:ihit fhe
. 11mite-of the adeve-mentiorad cone,

. 277 E° Dsind
CJ =1 P, (cos8)sinbd4. C(63)
Ul In the caes of an: Anfinitely fine radial antenna with a deflnite creas
R aect_;l_on
) : -.'__-;"f_"'.z'_’l‘f T s
‘ Cr=ig b =5z ;e (64)
ot where T 5 ‘fs,g‘védnpm‘xvent‘qr the’ whole current I flowing through the antenna
. oross ssotion S - . R ,
L=\ wz®dR- e
In the case of an infiniteiy small dipols P==IAR, located at M
point R=R , § = 0 ‘ !
- P [y :
e A Y 2 (R)Zy(R) Lnleor B (i)
Jm=i
It 1s oasy ti demomstrace that the case of & plane-agtratified mediun 13
& limiting case of & spherically stratified medium, Jf the solution of the
lattsr be presented in the form of a series ln a small pa;rametor,«.—kl_ N
where Ry 1z the craractcriatic radius lying between the return poinis ,rc.:- a
wave with the least proper nsgetive valves x n L: 1.7,
B. ave Guwii 1s a rigally Stratified Medium
R Grarground chmola Depender.t on Adhcrence ;’honoumon)
1. By eubstifutine Z==/3RY endf == In R, we convert equation (49)
into the well-mowva Bchr8dirger-typs equation ‘
42
P +[X+w()] V=20 - (67)
where the potential furotion has the'form
2_pa 2/ !
—~HeR—VR(s).  mg—
W({) VeR/se [s7 {68)
L e Ty Thug in tho first spproxias.ion tha esrlier process for chanels in a

plene-st¥atified medium can be repeated, if we substifute for the potenlial
funotion X°. § (r) the equivalent functiun K©. g {R)FF; that ia, we may
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CONDENiAL

introduce the equivalent 1lelectric conetant E'== g (R)R® instead of & ().

) U . B
RRAY Ry 3
: Fig'ure -4

" The dotted lIine in Figure % shové the variatinm, in. & real case, cf
. surfade .chennsl with height. The potential function now 1is

H(h)mxzenz 22 e (1) (Ro+ 20)Ros

vhm R 10 the ground radiug, and h 1¢ the height above the grouad. It may

have %o maximum "nu if'g (h) for smaAll valuse of h decreases more slowly
M - .
In this oase, the first numbers with proper values in the quasi-discrete
paxrt of the spectrum propagate normal waves with amplitudea vhich have defi-
nite values between thy two cphorioal surfaces R== Ry ] and R==R2,. 3 Thece

normal waves wndergo very little damping in escaping tlrough the barrier,
since the width and depth of the barrier inoreases with decrsass of the
numbexr of the proper value. BSuch waves "adhere” to the concave reflecting
surface forming tha barrier. They predominate over othsr typss of waves at
wreat distences r==R ¢ . Waves, propagated by proper values .iying in the
intervel W ~—Unin (ngre k), havs the Aams nature as normal veves in a
plane-stra rafitied madiun.

When the potential barrier of an ionospheric laysr beccmes veak, vhich
ocourd at high frequenciss, the quasi-discrete spectrum coneists only of
adherent nuxmal waves.

2. The simplest case i3 to consider ths ionospheric layer ani the
ground sexrface as two oonsentric ahsolutely condusting spheres with radii
R==R, and R~mRj. Ir the layer betveen these apheres is filled with ar
1deal mediwm ( gwx1l), equation (49) will take the form

d*Z am -
W X Z+%_ Z=0. ©(69)

8oluticn (69) will he

ZamyFLC; Jp(hRi+ CoNp (k R)]

(70)

vhere JP and llp are Bessel and Feiman functions of the oricr:

,..‘ m— .
pe=\7=X- (1)

‘N
X
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CQMEMM — .

- For grester brevity, ve introduce the notation .Lp =/ 'I;:l angd
1; o \/mp Kow the bowmdary cocnditlons 7 O in ‘the spheres

: R#=R, and R==R; will give the transcendental equation

B ,’;--,_;_M- IP IR, Ny ’R Ip .:,7;/ ;_:0, s (72)

v‘which dstermins the spectium of proper valuss X ;&= j= !_1%.
: 'The corrosponding function za(kR) vwill have the form:

--Z(,:cjfz,,/(k-/?)-gf%)~ Ry o

‘vhnro °.1 is datemined from the aondition that ZJ bs normalized to the value
unity., :

- M yaat dintunoes r-——;@p ve may restrict ourselves to the firat N,
nusbers of proper values im’ seriss (66); vhere ")(N ia the suallest proper

mptiu 'mlum The proper valuss X g fcr the. firat mmbors ) propagate
: nomnl waves of the udheronf type 'l'ney have approxmtely ‘the fouxt

Zy=C i Ips kR~ (1%)
snd their proper valuss will be:
ij &—[kR—a; VIR T (75)
vhere =0, 81 Kp=2.2,6; Ky =3.8

These waves have & dsfinite amplituds only near the outer ephere R=—=R}.
The harrow band of dsfinite amplitudes is determined by the expression

o ev—eVE

viere . 8, &E2.8 T4 =S5 -

3. In the case of simple variable &ielsctric constent poueuing the
rudial symmotry thus:

& (R)=‘£ .
R: an
equation (19) may be written as followa:
2,2
B N
The ocorresponding functions vill he
: r2ka)
) -'ki A= ( ) (19)
where J,J,':;; is a Bessel function of order 2\/¢ "Xj . The normal wave
- lh -

 ciEpw

- ry »

Sanltlzed VCopy Approved f for Release 201 1/07/18 CIA RDP80- 00809A000600230397 7

STATS




~i

STAT]
Bpgctrmt in this case paxciucee a ground-surfacoe chapnel; since ecgording to
ol : 1. (66) definite amplitudes ave observed only nesr the surface of the ground.
' ‘) - e -The ‘phenomenon ‘of adhereice dues not take pldce here. .
. N - . . » ) ~‘
’ 4
.. Qe - “Redial Treatment of the Iroblem
L The .e.dheieno;e- phenomsnon can be resdily explained in. terms of rays.
‘Condidexing ‘a- ray as a packet of normsl waves; ve obtain ths principle of e’
é_;vonfoml_.ty\in ths form
e dS e T R s o —
i ek J& R zina— KvVelR,) R, sinao=Viz,/, (80) ¥

a7

where.® 1s the sngle detween the tangsnt to the trajectory of the ray and
the. direction of the radius R, and V’»"x éi 15 ths wavs number of tha cgntral

: ﬁbrnal iav(e,iof’-ﬁ‘;he pecket forming the ray.

v LT 8 packet of a@herent normel waves propagates a ray which, after esch
. o 7 f9l) "reflestion” from & stratum, Fe-enters: the stratum without touching
o CU the surface of-the ground.  Its-trajectory suggeste a ricochet. These
trajectories were firel observed by Rayleigh / 7./ in comuection with'a
whinpering gallery.  We assume thet adherence phenomens play s great role
7L i -"eround-the -vorld” ‘echo. In ‘addition to wave psokets formed by proper
‘  values included in tke intervel Wpax > § > Wmin (Figure 4); there are - .
wyave packsts vith proper velues X , inciuded in the interval (W,,Wpyn)s
which are formed by rays touching the ground. Theee vaves are essential in
studying the problem of further radio connections in a spherical -atratified
mediwm. In this sase, we cen make a more accurate picture of raye, in viev
of the effect of the escape of wave euergy througi the upper "vall® of the
" surface channsl and the discrete energy of the immer caanmnel. Energy damping
e in a ray is now expressed by the formula

-t —8,8_—526.
E__VS‘_T‘ e 8‘ P 82.6 (81)

.

* If the medium betveen the receiver end tranamitter is not absolutely
spherically stratified and is a slovly varying function, 1t is possidle to
int=oduce modulated norma) waves end to write the attenuatvion in the ray as

. ‘Lollova.

. c - gsld‘ b Sad.

- BT et e”? ‘ (82)
Y ’ siné

Dividing tifkiray trajectory betweer the receiver snd the transmitter
into parts whioW’éan each be approximated irdividually into a spherically
stratified medium, we shall obtain by replacing integration by finite

RS summation: .

%\' ® . . .5'11'-._7 5.i@; S;io

A ' " [ * - 4 2 - i .
AR : o - Eoaem e ¥ ° }; ’ (83)

-4 fsin

vhere 8 represents coefficients of the period nf oscillation of the ray.
The uonatent ¢ can e dotermined by formula (63).

Formula (83) corroborates the empirical methcds of calculating further .
connections lutroduced by Shchukin / 8_/ and Bckersley / G_/ and poinis the
vay to improvements.

.- 15 - A -

S

o )

pproved for Release 2011/07/18 : IA-RDP80-0009000600230

>

| Opi‘ proved 1or rnelease ZU11/0//71o . CIA-RDFoU-UL




iy

comaamm'z

: In concluaion, 1t is nocessary orics more to-emphasize that the prcblem of :
vavs propagation in'a. sphe*lcany etra’hiﬁod modium has been conslderod azien

;. approximation from the very ‘beginning, eince nom’ VAL satisly emuﬂﬂon

».">onditions’ only aaymptotica.lly for large negative proper vu\m of x ¢ ;
This dced not datract from tue practical yalus of - the resulte, aince: rurther
.connectiona are supplie& pveciesly by waves. vith 1area x valsaee o
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